Background. Heightened immune activation among human immunodeficiency virus (HIV)-infected persons may contribute to atherosclerosis. We assessed associations of serologic markers of monocyte activation, soluble CD163 (sCD163) and soluble CD14 (sCD14), and monocyte chemoattractant protein 1 (CCL2) with subclinical atherosclerosis among men with and those without HIV infection in the Multicenter AIDS Cohort Study.
AIDS-related morbidity and mortality have declined with advances in the treatment of human immunodeficiency virus (HIV) infection [1] , and age-related diseases, such as cardiovascular disease (CVD), have emerged as leading causes of death among HIVinfected individuals [2] [3] [4] . In addition to higher rates of acute coronary events [5] [6] [7] , HIV-infected individuals have more subclinical coronary atherosclerosis and endothelial dysfunction than HIV-uninfected persons [8] [9] [10] .
Systemic inflammation, including monocyte activation and migration, contributes to atherogenesis [11] . Despite different biological mechanisms of action [12] [13] [14] , circulating levels of soluble CD163 (sCD163) and soluble CD14 (sCD14), monocyte activation markers, and of monocyte chemoattractant protein 1 (CCL2), a proinflammatory chemokine, are reliable markers of inflammation [15] [16] [17] [18] . Levels of all 3 biomarkers are also elevated in HIV-infected persons [13, 19, 20] . Higher levels of sCD163 are associated with coronary atherosclerosis in HIV-uninfected individuals [21] and, in some prior studies, in HIV-infected patients [22, 23] . While some studies of HIV-infected patients have demonstrated associations between sCD14 and CCL2 and subclinical coronary and carotid atherosclerosis [13, 20] , others have not [22, 24] . The role of these biomarkers in coronary atherosclerosis among HIV-infected individuals requires further clarification.
The purpose of this study was to evaluate associations between serum levels of sCD163, sCD14, and CCL2 and subclinical coronary atherosclerosis among a large group of wellcharacterized men with and those without HIV infection and to determine whether HIV infection modifies these relationships. Subclinical coronary atherosclerosis, which is associated with an increased risk of cardiac events [25, 26] , was assessed using noncontrast cardiac computed tomography (CT), to measure coronary artery calcium levels, and coronary CT angiography, to measure coronary artery stenosis and the extent and composition of coronary plaque [27] [28] [29] [30] .
METHODS

Population
The Multicenter AIDS Cohort Study (MACS) is an ongoing observational cohort study of HIV infection among men who have sex with men (MSM) conducted at 4 sites in the United States [31] . As reported elsewhere [9] , a subset of MACS participants were eligible to undergo cardiac noncontrast CT if they were aged 40-70 years, had no prior history of cardiac surgery or percutaneous transluminal coronary angioplasty or coronary intervention, and weighed <136 kg. Coronary CT angiography was performed on men without contrast allergy, atrial fibrillation at the time of coronary CT angiography, or impaired renal function (estimated glomerular filtration rate, <60 mL/minutes/ 1.73 m 2 ) within 30 days of scanning or during any previous MACS examination. All participants provided written informed consent, and human experimentation guidelines of the US Department of Health and Human Services and each institution were followed in the conduct of this clinical research. The study protocol was approved by the institutional review board at each institution.
Demographic Information and Laboratory Tests
MACS participants return every 6 months for standardized MACS research visits. Data on CVD risk factors and HIV clinical variables obtained by questionnaire, physical examination, and blood tests performed at the study visit closest to the CT visit (generally within 6 months) were used for this analysis. Race was self-reported at enrollment. Serum levels of glucose, total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides were measured in fasting blood samples. Levels of low-density lipoprotein (LDL) cholesterol were calculated using the Friedewald equation or were measured directly in men with either a triglycerides level of >400 mg/dL or a nonfasting blood sample. Serum levels of sCD163 and plasma levels of sCD14 and CCL2 were measured in samples collected on the day of CT and stored at −70°C. Testing was done at the University of Vermont Laboratory for Clinical Biochemistry Research (Burlington), using a sCD163 enzyme-linked immunosorbent assay (ELISA; R&D Systems; interassay coefficient of variation
[CV] range, 1.71%-5.80%), sCD14 ELISA (R&D Systems; interassay CV range, 3.96%-5.22%), and a Luminex-based singleplex cytokine panel (catalog no. MPXHCYTO60K-01; Millipore; interassay CV range, 3.23%-4.06%) for CCL2. Measures of HIV disease activity, including CD4 + T-cell counts and plasma HIV RNA levels (determined by the Roche ultrasensitive assay, with a limit of detection of 50 copies/mL), were obtained at each MACS visit. The duration of highly active antiretroviral therapy (HAART) was calculated on the basis of self-reported medication use at each MACS visit, and the history of clinically defined AIDS illnesses was determined by medical record confirmation of self-reported outcomes.
CT Aquisition and Analysis Methods
These procedures have been described previously [32] . Briefly, β-blocker (or calcium channel blocker) therapy and sublingual nitroglycerin were administered, unless contraindicated, prior to 64-detector or 320-detector CT. Noncontrast cardiac CT was performed, and coronary artery calcium scores were computed using the Agatston method [33] . Low-dose, prospective electrocardiogram-triggered protocols were used when applicable, with a median effective radiation dose of 1.9 mSv (interquartile range, 1.7-2.7 mSv) for the coronary CT angiography. CT images were transferred to the core CT reading center (Los Angeles Biomedical Research Institute at Harbor-UCLA) and analyzed by trained, experienced readers blinded to participant characteristics. The modified 15-segment model of the American Heart Association [34] was used to assess coronary CT angiography images for the presence, size, and composition of coronary plaque and the degree of stenosis in all assessable coronary segments. Plaque size for each segment was scored as follows: 0, no plaque; 1, mild; 2, moderate; or 3, severe. Segment stenosis was defined as follows: 0, no stenosis; 1, 1%-29% (minimal) stenosis; 2, 30%-49% (mild) stenosis; 3, 50%-69% (moderate) stenosis; or 4, ≥70%(severe)stenosis.Thetotalplaquescorewascalculatedbysumming the plaque size score for all assessable coronary segments. This method has been shown to be highly reproducible [35] . In addition, each coronary segment was classified as normal or as containing noncalcified, mixed, or calcified plaque. Noncalcified plaque was defined as any discernible structure that could be clearly assignable to the vessel wall, had a CT density less than the contrast-enhanced coronary lumen but greater than the surrounding connective tissue, and was identified in at least 2 independent planes. Mixed plaque was defined as any structure in which <50% of the plaque area was occupied by calcium. Calcified plaque was defined as any structure with a density >130 Hounsfield units that was visualized as separate from the intravascular lumen and discernable in at least 2 independent planes. The noncalcified, mixed, and calcified plaque scores for each participant were calculated by separately summing the scores for noncalcified, mixed, and calcified plaque across all segments for that participant [32] .
Statistical Analysis
The distributions of demographic and clinical factors in men with and those without HIV infection were compared using the Wilcoxon rank sum test or the χ 2 test. Spearman rank correlation was used to assess correlations between the biomarkers. Because the biomarkers were not normally distributed and to avoid making assumption of linear effects, we categorized each biomarker into groups defined by quintiles. Values beyond the upper limit of detection were set to the upper limit of detection and included in the upper quintile, and those below the lower limit of detection were set to the lower limit of detection and included in the lowest quintile. Associations of each biomarker with age, race, and HIV serostatus were assessed using generalized logistic models with the quintiles as the outcome. To examine the associations between the biomarkers and subclinical atherosclerosis, separate logistic regression models were run with the presence of plaque ( plaque score, >0), coronary artery stenosis of ≥50%, and coronary artery calcium score of >0 as the outcomes and the biomarker categorization (quintiles) as predictor variables. Initial models adjusted for age, race, and HIV serostatus (limited adjustment) and subsequent models added CVD risk factors (full adjustment). Linear regression was used to assess the associations between quintiles of biomarkers and plaque extent (ie, plaque score) among individuals who had any plaque, for coronary artery calcium score and for total, calcified, mixed, and noncalcified plaque scores after limited and full adjustment. Plaque scores were natural-log transformed. Our primary results focus on the fully adjusted models, comparing quintile 5 (highest levels) with quintile 1 (lowest levels) of biomarkers for each outcome. A dose-response trend of each biomarker in association with plaque was assessed in secondary analyses by modeling the biomarker quintiles as a single continuous covariate in fully adjusted logistic or linear regression models. Multiple imputation was used to complete missing data on CVD risk factors (data on BMI were missing for 16 men; on pack-years of smoking, for 3; on hypertension medication use, for 4; on systolic blood pressure, for 30; on diabetes medication use, for 4; on fasting glucose level, for 22; on lipidlowering medication use, for 13; and on total and HDL cholesterol levels, for 17). For each outcome, multiple imputation included all predictors and the outcome. Missing values were imputed 5 times on the basis of the distribution of covariates, using the Markov chain Monte Carlo method [36] and assuming multivariate normality. Analyses were performed after stratification by HIV serostatus, and formal tests of significant interactions of the biomarkers, stratified by HIV serostatus, were done in unified models. Additional analyses among HIV-infected men were performed, adjusting for CD4 + T-cell count, detectable HIV RNA level, and history of AIDS. Further analyses excluded HIV-infected men with detectable HIV RNA. All statistical analyses were performed using SAS software (SAS Institute, Cary, North Carolina). Statistical significance was defined as a P value of < .05.
RESULTS
This analysis included 566 HIV-infected men and 340 HIVuninfected men who had measurements available for all 3 biomarkers and who had undergone noncontrast cardiac CT imaging. Coronary CT angiography was performed in 426 HIV-infected men and 283 HIV-uninfected men (78.3% of all participants). As shown in Table 1 , compared with HIVuninfected men, HIV-infected men were younger; more likely to be African American; had lower BMIs; were more likely to be current smokers; had smoked for more pack-years; had lower systolic blood pressures; had lower total, LDL, and HDL cholesterol levels; and had higher fasting triglycerides levels. The majority (81%) of HIV-infected men had undetectable plasma HIV RNA (<50 copies/mL). The median duration of HAART use was 12.3 years, and 14.1% of HIV-infected men had a history of a clinical AIDS diagnosis. Levels above the upper limit of detection for sCD163 were seen in 51 men (44 HIV-infected men and 7 HIV-uninfected men), and none were below the lower limit of detection. For sCD14, there was 1 HIV-infected man with levels above the upper limit of detection and 12 men (8 HIV-infected men and 4 HIV-uninfected men) with levels below the lower limit of detection. All men had CCL2 levels within the limits of detection. The sCD163 level was modestly correlated with sCD14 and CCL2 levels (r = 0.23 and r = 0.17, respectively), and the sCD14 level was modestly correlated with the CCL2 level (r = 0.20; all P < .0001). Levels of all 3 biomarkers were higher in HIV-infected men, compared with those in HIV-uninfected men (Table 1) , and this difference persisted after exclusion of HIV-infected men with detectable HIV RNA and after adjustment for CVD risk factors (data not shown).
Among men with and those without HIV infection, higher levels of all 3 biomarkers were associated with older age and with selected cardiovascular risk factors; among HIV-infected men, higher levels of all 3 biomarkers were associated with lower current and nadir CD4 + T-cell counts and with having a detectable HIV RNA level (Table 2 ). sCD163 and sCD14 levels were also associated with overall viremic burden while receiving HAART, defined as the percentage of visits with detectable HIV RNA. CT results are shown in Table 3 . As previously reported, HIV-infected men had a higher prevalence of noncalcified plaque [9, 22] . c Among men with current detectable HIV RNA levels (>50 copies/mL).
Associations Between Biomarkers and Prevalence of Coronary Atherosclerosis
In the overall cohort, higher sCD163 levels (quintile 5, compared with quintile 1) were associated with a higher prevalence of coronary artery plaque and stenosis, even after adjustment for CVD risk factors (Figures 1 and 2 and Supplementary Table 1A ). The summary below focuses on CVD-adjusted analyses. The odds for the presence of coronary artery calcium, any plaque, mixed plaque, calcified plaque, and coronary stenosis of ≥50% were all >2.0 for sCD163 levels, but no significant associations were seen with noncalcified plaque. A significant dose-response effect was also noted, with increasing quintiles of sCD163 associated with all outcomes except noncalcified plaque in secondary analyses (Figures 1 and 2 ). There were no significant interactions between sCD163 and plaque by HIV serostatus.
In stratified analyses, among HIV-infected men, higher sCD163 levels were associated with a greater odds of prevalent coronary artery calcium, calcified plaque, mixed plaque, and coronary stenosis of ≥50%, after adjustment for CVD risk Data present associations between each risk factor and the odds of the monocyte activation marker being in quintile 5 relative to quintile 1. factors ( Figure 3 ). The estimated odds ratio for associations of elevated sCD163 levels with any plaque and with noncalcified plaque among HIV-infected men were also >1.0 but were not statistically significant. The sCD163 level was associated with the coronary artery calcium prevalence among HIV-uninfected men only after adjustment for age and race (Supplementary  Table 1A ).
Complete tables demonstrating the associations between each biomarker quintile with the prevalence of coronary plaque subtypes in limited and fully adjusted models and in analyses stratified by HIV serostatus are presented in Supplementary  Tables 1-3 . Results obtained when HIV-infected men with detectable HIV RNA were excluded from the analysis were similar to results obtained for the entire HIV-infected population (data not shown). Among HIV-infected men, results were also similar after adjustment for current CD4 + T-cell count, detectable HIV RNA level, and history of AIDS, in addition to age, race, and CVD risk factors (data not shown).
Higher levels of sCD14 (quintile 5, compared with quintile 1) were associated with a greater odds of coronary stenosis of ≥50% in the entire population ( Figure 2 ) and among HIVinfected men (Figure 3) . A significant dose-response relationship was also observed for these associations. In the overall cohort, higher sCD14 levels were not associated with noncalcified plaque, although results of the comparison of quintile 4 to quintile 1 were statistically significant (P = .04), and a doseresponse was observed across the 5 quintiles (Supplementary  Table 1B ). Higher sCD14 levels were associated with the prevalence of coronary artery calcium and mixed plaque in HIVuninfected men in fully adjusted models (Supplementary Table 1B ). The interaction, stratified by HIV serostatus, for the association between sCD14 and the presence of coronary artery calcium was of borderline significance (P = .049), and there were no other significant interactions after stratification by HIV serostatus.
In the overall cohort, higher levels of CCL2 were associated with coronary stenosis of ≥50% (Figure 2) . Among HIV-infected men, this association was significant with limited adjustment (P = .01), but attenuated and became borderline significant after adjusting for CVD risk factors (P = .05) (Figure 3 ). There were no other associations between CCL2 levels and atherosclerosis among HIV-infected men and no associations among HIVuninfected men (Supplementary Table 1C ). There were no significant interactions after stratification by HIV serostatus, and no dose-response relationships were observed. Noncalcified plaque score 2 (1-3) 2 (1-4) .13
Mixed plaque score 2 (1-4) 2 (1-3) .11
Plaque variables are shown as median (interquartile range) or % of men with plaque, unless otherwise indicated.
Abbreviations: CT, computed tomography; HIV, human immunodeficiency virus. a Defined as an Agatston score >0. Figure 1 . Estimated odds ratios (circles) and 95% confidence intervals (vertical lines) for the associations between the soluble CD163 level (sCD163; quintile 5, compared with quintile 1) and the prevalence of coronary plaque (defined as a plaque score of >0, as defined in "Methods" section) among the combined cohort (n = 906 for coronary artery calcium; n = 709 for coronary plaque subtypes). Models were adjusted for age, race, human immunodeficiency virus serostatus, and cardiovascular disease risk factors (body mass index; cumulative pack-years of smoking; use of hypertension, diabetes, or lipid-lowering medication; systolic blood pressure; fasting glucose level; and total cholesterol and high-density lipoprotein cholesterol levels for those not receiving hypertension, diabetes, or lipidlowering medications). Red lines indicate P values of < .05. *P < .05 and **P < .01 for trends across biomarker quintiles.
Associations Between Biomarkers and Extent of Coronary Atherosclerosis
In the overall cohort, a higher sCD163 level was associated with increasing coronary artery calcium score, with the highest sCD163 quintile associated with more coronary artery calcium than seen among persons with levels in the lowest quintile (Supplementary Table 2A ). A significant dose-response relationship was seen between increasing quintiles of sCD163 and increasing coronary artery calcium score. A similar association with coronary artery calcium was also seen among HIV-infected men after adjustment for CVD risk factors. There were no significant interactions after stratification by HIV serostatus, but among HIV-uninfected men, sCD163 levels were not significantly associated with the extent of any plaque subtype. Men with the highest sCD14 levels in the overall cohort had the greatest total plaque scores after adjustment for CVD risk factors (Supplementary Table 2B ). No other associations between sCD14 level and plaque subtypes were significant.
Higher CCL2 levels were associated with greater extent of noncalcified plaque in the overall cohort and among HIVinfected men (Supplementary Table 2C ). Significant doseresponse relationships were also observed. There were no significant associations with any plaque subtypes among HIV-uninfected men, and no significant interactions after stratification by HIV serostatus.
As above, conclusions were not affected after exclusion of HIV-infected men with detectable HIV RNA or after adjustment for current CD4 + T-cell count, HIV RNA level, and history of AIDS, in addition to age, race, and CVD risk factors (data not shown).
DISCUSSION
This study is the largest conducted to date addressing the associations of monocyte activation markers with coronary atherosclerosis in demographically similar HIV-infected men and HIV-uninfected men. We found that levels of sCD163, sCD14, and CCL2 were elevated among HIV-infected men despite HIV suppression and were associated with lower CD4 + T-cell counts. These findings were not due to suboptimal treatment of HIV infection: 81% of the cohort had achieved virologic suppression, and the associations persisted after exclusion of viremic men and after adjustment for CD4 + T-cell count, HIV RNA level, and history of clinical AIDS. More importantly, we found that elevations in each of these 3 biomarkers were significantly associated with coronary artery stenosis, even after adjustment for traditional CVD risk factors. The most consistent associations were observed with elevated sCD163 levels, which were associated with a greater prevalence of all plaque subtypes except noncalcified plaque. In contrast, elevated CCL2 levels but not elevated sCD163 or sCD14 levels were associated with a greater extent of noncalcified plaque. This finding is particularly relevant in light of our recent report demonstrating a greater extent of noncalcified plaque in HIVinfected men, compared with HIV-uninfected men, in our cohort [9] . CCL2 is a chemokine that is implicated primarily in initiating monocyte migration to the subendothelial space for atherosclerotic plaque formation [37] . Our future studies will assess longitudinal changes in coronary plaque subtypes to test whether elevated CCL2 levels in HIV-infected individuals may contribute to accumulation of noncalcified plaque and whether associations between elevated levels of sCD163 and sCD14 levels and plaque progression differ from associations with CCL2 levels. Our findings in a large, well-phenotyped cohort are an important contribution to this area of research and support the results of other studies demonstrating associations between sCD163, sCD14, and CCL2 levels and atherosclerosis. Previous studies demonstrated that elevated levels of sCD163 and sCD14 were associated with subclinical carotid atherosclerosis [38] , higher levels of sCD14 were associated with progression of carotid atherosclerosis [20] and with prevalent coronary artery calcium [39] , and elevated levels of CCL2 and functional CCL2 genetic variants were associated with carotid and femoral artery atherosclerosis [13, 40] and thoracic aortic [41] atherosclerosis. Our findings differ from some other studies of HIV-infected participants that did not show associations between monocyte activation markers and atherosclerosis [24, 39] . Also, some studies [8, 22, 23] found associations between elevated levels of sCD163 and a greater burden of noncalcified coronary plaque, which was not found in our study. These discrepancies from our results are likely due to differences in participant characteristics, including age, and methods.
There are many strengths of our study, including the large, well-characterized cohort of HIV-infected men and also an HIV-uninfected comparison group of otherwise similar men at risk for HIV infection. We included multiple measures of monocyte activation and detailed assessment of coronary atherosclerosis, using coronary CT angiography to characterize both coronary artery stenosis and plaque composition. Limitations of the present study include the cross-sectional study design and inclusion of men only. Also, multiple comparisons were performed, and therefore some associations may represent false-positive results. We found few significant interactions after stratification by HIV serostatus, so results were presented for the overall cohort and after stratification by HIV serostatus, to demonstrate associations in the HIV-infected population. Since the sample size was smaller in the HIV-uninfected group, there were fewer statistically significant associations identified, but generally point estimates were similar between the 2 groups. In addition, we did not assess the impact of CCL2 genetic variants on CCL2 levels or atherosclerosis in this study [42] ; also of importance, although plasma and serum levels of CCL2 levels may vary, we measured plasma levels only [43] .
In conclusion, elevated markers of monocyte activation were associated with subclinical coronary atherosclerosis independent of traditional cardiovascular risk factors in a large cohort of men with and those without HIV infection. Taken as a whole, the results of the present study support the hypothesis that monocyte activation, which is elevated in well-treated HIVinfected men, contributes to atherogenesis in this population. Subclinical atherosclerosis predicts the risk for CVD events in the general population [25, 44] . Although we found an association between elevated levels of sCD163 and coronary plaque and stenosis, a recent case-control study in HIV-infected persons found no association between sCD163 levels and subsequent myocardial infarction [45] . Our future analyses will assess associations with cardiovascular events in our cohort during the continuing follow-up period. Further studies are needed to define the potential role of measuring monocyte activation markers in clinical practice and to determine whether reducing monocyte activation, possibly via earlier treatment with antiretroviral therapy to prevent immunosuppression, can decrease the risk for CVD in HIV-infected individuals.
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